The thylakoid membranes of plants play a critical role in electron transfer and energy fixation, and are highly dynamic. So far, studies on the thylakoid membranes have mainly focused on microalgae and higher plants, yet very little information is available on the macroalgal thylakoids. Here, we studied the structure and organization of the thylakoid membranes in Ulva prolifera, a representative species of the green macroalgae. We found that U. prolifera had few but long loosely stacked membranes which lack the conventional grana found in higher plants. However, the thylakoid membrane complexes demonstrate lateral heterogeneity. Moreover, we found a supercomplex composed of PSII, light-harvesting complex II (LHCII) and PSI from U. prolifera under salt stress. The supercomplex is approximately 720 kDa, and includes the two important photoprotection proteins, the PSII S subunit (PsbS) and the light-harvesting complex stress-related protein (LhcSR), as well as xanthophyll cycle pigments (violaxanthin, antheraxanthin and zeaxanthin). Time-resolved fluorescence analysis suggested that, in the supercomplex, excitation energy could efficiently be transferred from PSII to PSI, even when PSII was inhibited, a function which disappeared when the supercomplex was incubated in mild detergent. We suggest that the supercomplex might be an important mechanism to dissipate excess energy by PSI in green macroalgae under salt stress.
Introduction
In plants and algae, thylakoid membranes carry out many biochemical reactions including solar energy harvesting, water splitting and electron transport, and might be the most complex of all membranes regarding structure and function. In plants, the striking feature of the thylakoid membranes is the presence of grana which are membrane stacks, typically 300-600 nm in diameter, containing 10-20 layers of thylakoid membranes (Albertsson 2001 , Mullineaux 2005 . Moreover, PSII and its light-harvesting complex II (LHCII) are concentrated in the grana, while PSI mainly resides in unstacked stroma, indicating that the thylakoid membranes in plants demonstrate clear lateral heterogeneity. Nevertheless, grana are not essential for photosynthesis, although they are universal in higher plants. In the unicellular green alga Chlamydomonas reinhardtii, chloroplasts have only long and loosely stacked membranes, which lack conventional plant grana and lateral heterogeneity (Bertos and Gibbs 1998, Anderson et al. 2008) . Red algae and cyanobacterica with phycobilisomes attached to the outer thylakoid surfaces have no stacked thylakoids and no lateral heterogeneity in the localization of PSII and PSI (Anderson 1986 , Mullineaux 1999 . In green macroalgae, on the other hand, little information is available on the structure of thylakoids, and the distribution of the thylakoid membrane complexes remains elusive.
The thylakoid membranes not only have a remarkably ingenious structure and organization, but also demonstrate dynamic flexibility, responding to ever-changing environmental conditions (Kargul and Barber 2008 , Tikkanen et al. 2008 , Tikkanen et al. 2011 , Tokutsu and Minagawa 2013 . In response to changes in light intensity or quality, LHCII in the thylakoid membranes could be re-distributed between PSII and PSI, in a process called 'state transitions' (Tikkanen et al. 2006 , Minagawa 2011 , Tikkanen et al. 2011 , Mekala et al. 2015 . The formation of various supercomplexes in thylakoid membranes is also an important strategy of plants and algae to acclimate to different light conditions . In Arabidopsis thaliana, the chloroplast NADH dehydrogenase-like complex (NDH) interacts with PSI to form the NDH-PSI supercomplex, which is particularly important under stress conditions (Peng et al. 2009, Peng and Shikanai 2011) . Recently, a megacomplex (of about 2,400 kDa) Plant Cell Physiol. 60(1): 166-175 (2019) doi:10.1093/pcp/pcy201, Advance Access publication on 8 October 2018, available online at www.pcp.oxfordjournals.org ! The Author(s) 2018. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com composed of both photosystem reaction centers (PSI and PSII) was found in the margins of grana in Arabidopsis thaliana, the formation of which is regulated by light conditions (Yokono et al. 2015) . This finding further demonstrated the dynamics of the thylakoid membrane proteins and their re-arrangement in plants in response to different light conditions. In addition, in Chlamydomonas reinhardtii, a PSII-LHCII-LHCSR3 supercomplex formed under high light condition is capable of energy dissipation (Tokutsu and Minagawa 2013) . For macroalgae, on the other hand, there is little information on the dynamic characteristics of the thylakoid membrane complexes in response to stress conditions. So far, studies on the thylakoid membranes have mainly focused on microalgae and higher plants, with very little information available on the thylakoids of macroalgae. Green macroalgae are an evolutionary link between green microalgae and higher plants. Ulva prolifera Ö .F.Müller is a species representative of the green macroalgae found in the intertidal zones, which can tolerate a range of stresses including high light, desiccation and high salt (Gao et al. 2011 . Recently, U. prolifera has attracted wider attention as a result of green tides occurring frequently along shores all over the world including beaches in Europe, the USA and China, such as in Qingdao (Smetacek and Zingone 2013) . U. prolifera could be a promising model for investigating the response and tolerance mechanisms of green macroalgae to stresses (Holzinger and Karsten 2013 , Mou et al. 2013 , Gao et al. 2014 , Holzinger et al. 2015 .
In this work, we found that U. prolifera chloroplasts have few but long loosely stacked membranes which lack conventional plant grana. However, lateral heterogeneity of thylakoid membrane complexes occurs in this alga. Moreover, a supercomplex of a little larger than 720 kDa, composed of PSI and PSII, was found to be induced by salt stress, and was isolated by application of a mild non-ionic detergent and subsequent analysis by Blue Native (BN) gel electrophoresis. In this algal supercomplex, excitation energy was efficiently transferred from PSII to PSI. The supercomplex in U. prolifera may play a significant physiological role in regulating the distribution of excitation energy between PSII and PSI under salt stress conditions.
Results
Ultrastructural characteristics of the thylakoids of U. prolifera and fractionation of thylakoid membrane domains by a-DM To investigate the structure and organization of the thylakoid membranes in U. prolifera, we analyzed the ultrastructural characteristics using transmission electron microscopy (TEM), and the lateral heterogeneity by assessing the distribution of proteins among different membrane domains. The results of TEM showed that U. prolifera has few but long loosely stacked membranes which lack conventional plant grana ( Fig. 1) . Therefore, the ultrastructural characteristics of the thylakoids of U. prolifera are clearly different from those of higher plant thylakoids.
Although there were no grana in U. prolifera, a study was carried out to determine whether lateral heterogeneity of thylakoid membrane proteins occurred in U. prolifera. The most comprehensive and widely used procedure involves solubilization with digitonin, yielding grana and stroma in higher plants, but the thylakoid membranes of U. prolifera demonstrated high tolerance to high digitonin concentrations (5%) ( Supplementary  Fig. S1 ). Therefore, we fractionated the thylakoid membranes using different concentrations of the mild non-ionic detergent a-n-dodecyl-D-maltoside (a-DM). Different detergent concentrations, ranging from 0.2% to 0.55%, were initially employed in order partially to solubilize the thylakoid membranes. Due to the lack of plant grana in U. prolifera, the thylakoid membranes in the pellet and the supernatant (after centrifugation at 25,000 r.c.f. for 45 min) were referred to in this study as G and Sup, respectively. As shown in Supplementary Table S1, after solubilization with 0.35% a-DM and subsequent centrifugation, Chl a/b in the pellet (G) was much lower than in other pellets, while the Chl a/b in the supernatant (Sup) was higher than in other supernatants. The polypeptide profile in the pellets from U. prolifera, using different a-DM concentrations, are shown in Fig.  2A , and compared with those of intact thylakoid membranes. At 0.35% a-DM, the upper parts of the gel bands were largely depleted. As shown in Fig. 2B and C, there were significant differences in the compositions of the G and the Sup after 0.35% a-DM solubilization. As identified by Western blotting, the PSII subunits (PsbD and CP47) were clearly enriched in the G fraction, while the subunits of PSI (PsaA), Cyt b 6 f (Cyt F) and ATPase (Atp F) were mainly detected in the Sup fraction. Moreover, the absorption spectra and protein complexes in the two fractions (G and Sup) were also different. All the results suggested that lateral heterogeneity of thylakoid membrane proteins occurred in U. prolifera, despite the absence of plant grana.
Responses to salt stress of thylakoid membrane proteins in U. prolifera
We found that, under salt stress, not only did the photosynthetic activity of U. prolifera change greatly ( Supplementary Fig.  S2 ), but the lateral heterogeneity of the thylakoid membranes in U. prolifera was also dramatically altered. After treatments with different salt concentrations for 48 h and solubilization with b-DM (Fig. 3A) or a-DM (Fig. 3B) , several major proteins bands were clearly separated by BN-PAGE. It is clear that one higher molecular mass green band (a little larger than 720 kDa), which is indicated by arrows in Fig. 3 , appeared in the thylakoid membranes of U. prolifera treated with salt concentrations of 7% and 9%. After solubilization with a-DM, the band was much clearer than when solubilized with b-DM. The band could be seen more clearly after staining with Coomassie Brilliant Blue ( Fig. 3; Supplementary Fig. S4 ).
In order to determine when this specific stress-associated green band was formed, we analyzed the thylakoid membranes in U. prolifera after treatment with 9% (w/v) salinity for 5 min, 30 min, 2 h or 48 h. As shown in Fig. 3C , after treatment with 9% salinity for 5 min, the specific green band had already appeared. Moreover, with prolonged 9% salinity treatment, this special salt-induced band remained present in the thylakoid membranes ( Fig. 3C ; Supplementary Fig. S3 ). In addition, the band was not evenly distributed in the thylakoid membranes in U. prolifera, but was mainly present in the G fraction, demonstrating its lateral heterogeneity in the thylakoid membranes of U. prolifera ( Fig. 4 ; Supplementary Fig. S4C ). These results suggested that this protein complex may be derived from the rearrangement of thylakoid membrane proteins induced by salt stress. Fig. 2 Organization of thylakoid membranes in U. prolifera. (A) Tricine-SDS-PAGE analysis of U. prolifera thylakoids and fractions obtained by exposure to different concentrations of a-DM, ranging from 0.2% to 0.55% (w/v). After differential centrifugation, the pellets were loaded on to the gel. 'Thy' in the gel represents the total thylakoids, and 'M' represents molecular weight markers. Each lane was loaded with 3 mg of Chl. (B) Tricine-SDS-PAGE analysis of the thylakoids solubilized with 0.35% a-DM and centrifuged. Due to the lack of plant grana in U. prolifera, the thylakoid membranes in the pellet and the supernatant (after centrifugation at 25,000 r.c.f.) were referred to as G and Sup, respectively. (C) Immunoblotting analysis of the thylakoid membrane fractions obtained in the presence of 0.35% a-DM. Each lane was loaded with 1 mg of Chl. The immunoblots were probed with antibodies raised against PsaA, PsbD, CP47, Cyt F and Atp F. (D) Absorbance spectrum from 400 to 700 nm of the total thylakoid membranes, G and Sup. (E) BN-PAGE analysis of selected thylakoid membrane fractions obtained in the presence of 0.35% a-DM and whole thylakoid membrane, all of which were further solubilized by 1% b-DM. Each lane was loaded with 3 mg of Chl. To detect the main components of this green band, which was formed under salt stress, we excised the band from the BN gel and analyzed its components by Tricine-SDS-PAGE followed by immunoblotting analysis, using specific antibodies against PsaA, PsaB, PsbA, PsbD, CP43, Cyt F, Lhca1, Lhcb1, light-harvesting complex stress-related protein (LhcSR) and PsbS. The immunoblotting results showed that only Cyt F was not detected, suggesting that the band represented a supercomplex, including the main subunits of PSII and PSI ( Fig. 5; Supplementary Fig. S4 ). To investigate further the components of the bands formed after 5 min, 30 min, 2 h or 48 h exposure to salt stress, we excised the four bands from the BN gel, digested the proteins in the gel with trypsin and analyzed the extracted peptides using the LC-Triple-TOF 5600+ system (AB SCIEX). Dozens of proteins produced from the bands were identified in the bands, and included the PSII core complexes Fig. 3 The thylakoid membranes of U. prolifera, treated with salt concentrations of 3, 7 and 9% (w/v), were solubilized with 1% b-DM (A) or 1% a-DM (B). (C) BN-PAGE analysis of the thylakoid membranes solubilized with 1% a-DM in U. prolifera treated with 9% salinity for 5 min, 30 min, 2 h or 48 h. The supercomplex is indicated by an arrow. Each lane was loaded with 3 mg of Chl.
and subunits of PSI and LHCII, which were summarized in Supplementary Tables S2-S5. The mass spectrometry (MS) results also included some hypothetical proteins and unknown proteins in the supercomplex. Interestingly, both PsbS and LhcSR proteins were detected in these bands, which was consistent with the immunoblotting analysis. These results suggest that both proteins (PsbS and LhcSR) in the salt-induced band may play a key role in photoprotection in U. prolifera under salt stress.
Moreover, our MS analysis showed that the components of the four supercomplexes induced after different exposure times to salt stress were similar, suggesting that the composition of the supercomplex did not change markedly with more prolonged exposure to salt stress (Supplementary Tables S2-S5 ). The phosphorylation of the supercomplexes after different periods of salt stress (5 min, 30 min, 2 h or 48 h) was then analyzed (Supplementary Fig. S5 ). Immunoblotting analysis detected core phosphoproteins, including D1, D2, CP43 and LHCII, in these supercomplexes, and the extent of phosphorylation did not change markedly with more prolonged exposure to salt stress. All the results suggested that there were multiple components of the U. prolifera supercomplex induced by salt stress, and that the supercomplex may play an important role in the response of the macroalga to salt stress.
Analysis of pigment compositions and timeresolved fluorescence analysis of the supercomplex
We next analyzed the pigments of the supercomplexes formed after different durations of salt stress (exposures of 5 min, 30 min, 2 h or 48 h) by HPLC, and identified Chl (a and b), acarotene (a-Car), b-caroten (b-Car), lutein, neoxanthin (Nex), and particularly xanthophyll cycle pigments, namely violaxanthin (Vio), antheraxanthin (Ant) and zeaxanthin (Zea), in the supercomplex (Fig. 6) . The results showed that there was no marked difference in the pigment composition of the supercomplex formed in response to exposures to salt stress of between 5 min and 48 h. Nevertheless, the relative concentrations of the pigments in the supercomplex formed after different stress exposures [5 min, 30 min, 2 h or 48 h in 9% (w/v) salinity] changed markedly. In particular, the contents of Zea and Ant changed greatly with more prolonged salt stress treatment, indicating that salt stress affected the relative pigment concentrations in the supercomplex (Supplementary Figs. S6, S7 ). These results suggested that the supercomplex, induced by salt stress, could not only carry out light absorption and energy transfer, but also play a role in photoprotection.
Time-resolved fluorescence spectra of the isolated supercomplex from thalli exposed to 9% salinity for 30 min were measured at 77 K. Two peaks at around 680 and 720 nm were clearly observed (Fig. 7A) , which were associated with PSII and PSI absorption, respectively. Importantly, the fluorescence intensity at 680 nm began to decrease at 1.48 ns, at which time the fluorescence intensity at 720 nm was still increasing. As a result, a clear time difference between the dynamics at 680 and 720 nm could be seen (Fig. 7B) , where the maximum fluorescence intensity at 720 nm appeared approximately 0.3 ns later than that at 680 nm. Meanwhile, the fluorescence lifetime at 720 nm was much longer than that at 680 nm. This phenomenon was most probably due to the fact that energy transfer from PSII to PSI occurred in the supercomplex. To verify this, the same supercomplex was further studied following incubation in 5% a-DM, which induces separation of the PSII and PSI of the supercomplex. The time-resolved fluorescence spectrum of this sample incubated in a-DM (Fig. 7C) showed a feature different from the spectrum of the sample incubated without the detergent, as shown in Fig. 7A . The 680 nm peak in the plus-detergent sample exhibited a fluorescence intensity which was stronger than that at 720 nm. More importantly, in the plus-detergent sample, where PSII and PSI were separated, fluorescence intensities at 680 and 720 nm reached their maxima and began to decrease at the same time (Fig. 7D) . Moreover, the fluorescence lifetime at 680 nm became clearly longer, from about 0.76 ns to about 4.88 ns; this upper value was much longer than the corresponding value at 720 nm, a finding contrary to the result described in Fig. 7B .
These results indicate that PSII and PSI are involved in the formation of the supercomplex and that energy transfer from PSII to PSI indeed operates in the supercomplex. This result is consistent with those from the immunoblotting analysis and the LC-MS/MS analysis, which demonstrated the existence of the supercomplex composed of PSI, PSII and LHCII. Additionally, when PSII in the supercomplex was in its closed state in the presence of the specific PSII inhibitor DCMU, the transient fluorescence spectrum (Fig. 7E) was the same as that in Fig. 7A . This indicates that PSII in the closed state can still divert excitation energy to PSI, with the fluorescence lifetimes at 680 and 720 nm being similar to those of the open-state PSII (Fig. 7F) . All these results suggest that the supercomplex induced by salt stress has a special physiological function, the transfer of energy from PSII to PSI, leading to photoprotection.
Discussion
The thylakoid membranes of photosynthetic organisms have a complex structure and ingenious organization. There are significant differences between the thylakoids of higher plants and algae. In plants, a major feature of thylakoid membranes is the presence of grana, which are tightly appressed membrane stacks (Mullineaux 2005 , Anderson et al. 2008 . PSII and LHCII are concentrated in the grana, while PSI mainly resides in the unstacked stroma (Albertsson 2001) . Clearly, a lateral heterogeneity is present in the thylakoid membranes of plants. The green microalga C. reinhardtii has long and loosely stacked membranes lacking conventional plant grana, and there is little or no lateral heterogeneity in the distribution of PSI and PSII (Bertos and Gibbs 1998) . On the other hand, cyanobacteria and red algae have spaced thylakoid membranes, with no stacking and no lateral heterogeneity (Mullineaux 1999) . It has been reported that the thylakoid membranes of both higher plants and microalgae demonstrate dynamic flexibility including state transitions and supercomplex formation in response to everchanging environmental conditions (Tikkanen et al. 2010 , Dietzel et al. 2011 , Johnson and Ruban 2015 . These findings pose a question: what are the structure, organization and dynamics of the thylakoid membranes in green macroalgae? Results obtained in the present study from the analysis of thylakoid membranes in U. prolifera could contribute to our understanding the structural and dynamic characteristics of the thylakoid membranes in green macroalgae.
In U. prolifera chloroplasts, several long thylakoid membranes were shown to be loosely appressed and there were no conventional plant grana (Fig. 1) . Our findings were consistent with those from a previous study showing that two or more large thylakoids in marine macroalgae are organized, but lack the grana in higher plants (Murakami and Packer 1970) . In fact, the structural characteristics of the thylakoids in green macroalgae are similar to those of microalgae (Bertos and Gibbs 1998) . Nevertheless, we found that, although the thylakoid membranes in U. prolifera were structurally homogeneous, the location of the mainly membrane-based complexes (including PSII, PSI, Cyt b 6 f and ATPase) was strikingly different (Fig. 2) . PSII was clearly enriched in the G fraction, while PSI, Cyt b 6 f and ATPase were mainly detected in the Sup fraction. These finding suggested that the thylakoid membranes in U. prolifera have a lateral heterogeneity, which is remarkably different from that of other algae (Bertos and Gibbs 1998, Mullineaux 1999) . It is interesting that the thylakoid membranes in U. prolifera demonstrated resistance against digitonin solubilization (Supplementary Fig. S1 ). It has been reported that grana stacks in higher plants are digitonin resistant (Jarvi et al. 2011) . These findings indicated that homogenous thylakoid membranes in U. prolifera resemble the granum membranes of higher plants.
Ulva prolifera is a representative species of the green macroalgae found in the intertidal zones, which are periodically submerged in seawater at high tide, and are exposed to air at low tide. At low tide, U. prolifera is subjected to various stresses such as high salt, light and temperature. The thylakoid membranes of U. prolifera are highly dynamic to cope with salt stress. We found that a hitherto undescribed supercomplex in U. prolifera, a little larger than 720 kDa in size and including PSII, PSI and LHCII, was induced by salt stress (Fig. 3) . The xanthophyll cycle pigments (violaxanthin, antheraxanthin and zeaxanthin) and the two important photoprotective proteins (PsbS and LhcSR) were also present in the supercomplex ( Fig. 5 ; Supplementary Tables  S2-S5 ). Time-resolved fluorescence spectra of the supercomplex suggested that excitation energy could be efficiently transferred from PSII to PSI (Fig. 7) . Even though PSII was in the closed state, excitation energy could still divert to PSI, suggesting that PSI in the supercomplex can quench PSII when it was excessively excited. A special physiological function of the supercomplex Fig. 7 Time-resolved fluorescence spectra of the supercomplex (A), the supercomplex incubated with 5% a-DM (C) and the supercomplex incubated with 10 mM DCMU for 2 min (E). Fluorescence decays at 680 and 720 nm of the supercomplex (B), the supercomplex incubated with 5% a-DM (D) and the supercomplex incubated with 10 mM DCMU for 2 min (F). might be quenching of excess energy through PSI, leading to photoprotection.
Recently, a megacomplex of PSI and PSII, together with LHCs, was shown to co-exist in the granum margins of the thylakoid membranes in A. thaliana (Yokono et al. 2015) . Excitation energy transfer from PSII to PSI was observed in the PSI-PSII megacomplex, as indicated by time-resolved fluorescence spectra. Due to the characteristics of thylakoid membranes in U. prolifera, we did not observe any megacomplexes (about 2,400 kDa) in U. prolifera, but isolated a supercomplex (a little larger than 720 kDa). Although the molecular mass, distribution and regulation of the supercomplex in U. prolifera were significantly different from those of the megacomplex in A. thaliana, the function of the supercomplex in U. prolifera was shown to be very similar. In fact, PSI-PSII supercomplexes play important roles in a wide range of oxygenic photoautotrophs, not only in cyanobacteria, red algae and higher plants (Yokono et al. 2011 , Liu et al. 2013 , Yokono et al. 2015 , but also in green macroalgae (in the present study). We tentatively suggest that this might be a common mechanism in oxygenic photoautotrophs, achieving dissipation of excess energy by PSI in the PSI-PSII supercomplex in response to stress conditions.
Materials and Methods

Sample collection and salt stress treatment
Ulva prolifera were collected from the intertidal zones of Qingdao (36 0 0 3 00 N, 121 2 0 0 00 E), China, in the mornings from May to July 2016, at photon flux densities of 100-200 mmol photons m À2 s
À1
. Healthy thalli of similar physiological states were selected. The thalli were rinsed gently in sterile seawater to remove any sediment or epiphytes and were then cultured in the laboratory at 15 C and an irradiance of 150-200 mmol photons m À2 s À1 under a 12 h:12 h light:dark cycle.
To investigate the effects of salt stress on the thylakoid membrane proteins of U. prolifera, thalli were incubated under different concentrations of sodium chloride [3% (natural seawater), 7% and 9% (w/v) salt] for 48 h and were then snap-frozen in liquid nitrogen. To study the short-term responses of thylakoid membrane proteins to salt stress, thalli were incubated under 9% salt for 5 min, 30 min or 2 h, before being snap-frozen in liquid nitrogen.
Chl fluorescence and P700 measurement
As described previously (Gao and Wang 2012) , the Chl fluorescence of PSII and the redox state of P700 of the thalli were measured using a Dual-PAM 100 fluorometer (Walz) connected to a computer. Before measurement, the thalli were dark adapted for 15 min. F 0 was determined and subsequently a saturating flash was applied to detect the maximal fluorescence (F m ). The difference between F m and F 0 was referred to as F v , and the maximum quantum yield was obtained as F v /F m . The effective photochemical quantum yield of PSII [Y(II)] is calculated as (F m ' À F t )/F m ', where F m ' is the maximum fluorescence level in the light, and F t is the steady-state fluorescence level.
In analogy to Chl fluorescence measurement, the saturation pulse method was used to determine the P700 parameters. P700 was measured in the dualwavelength mode (difference in the intensities of 875 and 830 nm pulse-modulated measuring light reaching the photodetector). The maximal P700 signal, P m , was determined by application of the saturation pulse in the presence of far-red light, which was defined in analogy to F m . The zero P700 signal (P 0 ) was determined when complete reduction of P700 was induced after the saturation pulse and cessation of far-red illumination. The maximal P700 signal (P m ') was induced by combined actinic illumination with the saturation pulse. Based on P m , P 0 and P m ', Y(I) was calculated automatically by Dual-PAM 100 software (Gao et al. 2011) .
Transmission electron microscopy
Samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS) (pH 7.6) for 1 h at room temperature and then kept overnight at 4 C. The samples were washed three times with 0.1 M PBS (pH 7.6) for 30 min each. After washing, the samples were incubated in osmic acid for 1 h and then washed three times (30 min each time) with 0.1 M PBS (pH 7.6). The samples were dehydrated in a gradient of acetone concentration (v/v) (30, 50, 70, 80, 90 and 95%) , for 30 min at each concentration, followed by washing three times (30 min each washing) with 100% acetone. Subsequently, the samples were infiltrated overnight in 70% Spurr resin/acetone and embedded in 100% Spurr resin for 5 h, after which the blocks were polymerized overnight at 65 C. Ultrathin sections (50-70 nm) were cut using a Leica EM UC6 ultramicrotome, stained with uranyl acetate, and examined with a HITACHI H-7650 transmission electron microscope operating at 100 kV.
Preparation of thylakoid membranes and fractionation using a-DM Thylakoid membranes were isolated according to a previously described method (Gao et al. 2015) . The extraction buffer contained 10 mM HEPESNaOH (pH 7.4), 1 M sorbitol, 2 mM NaCl, 2 mM MgCl 2 and 1 mM EDTA. The thylakoid membranes were pelleted by centrifugation for 10 min at 15,000 r.c.f. and were then resuspended in a buffer containing 200 mM sucrose, 25 mM HEPES-KOH (pH 7.0) and 1 mM MgCl 2 . Aliquots of the membrane suspension were snap-frozen in liquid nitrogen and stored at À80 C.
A solubilization protocol using a-DM was performed according to a previously described method (Morosinotto et al. 2010 ) with minor modifications. Thylakoids (0.5 mg Chl ml -1 ) were solubilized at 4 C for 20 min with slow agitation with different concentrations of a-DM, ranging from 0.2% to 0.55% (w/ v). After centrifugation at 2,000 r.c.f. at 4 C for 5 min, the supernatant was collected and centrifuged at 25,000 r.c.f. at 4 C for 45 min. The membrane fractions in the pellet and the supernatant were collected separately.
Blue Native-PAGE
The thylakoid membranes were solubilized at a final Chl concentration of 0.5 mg ml -1 , using 1% a-DM or 1% b-DM. The thylakoid membrane complexes were analyzed by BN-PAGE, as described previously (Peng et al. 2008) . The different thylakoid membrane fractions were further solubilized with 1% b-DM and were analyzed by BN-PAGE. After BN-PAGE, the gel was stained with Coomassie Brilliant Blue R250.
Tricine-SDS-PAGE and immunoblotting
For two-dimensional Tricine-SDS-PAGE [5% (w/v) acrylamide stacking gel + 12% (w/v) acrylamide separating gel] and immunoblotting analysis (Schägger 2006) , we excised the protein bands from BN-PAGE lanes and then soaked the bands in SDS sample buffer [100 mM Tris-HCl, pH 7.0, containing 2% (w/v) SDS, 15% (v/v) glycerol and 2.5% (v/v) b-mercaptoethanol] for 30 min at room temperature, before layering the protein-containing buffer sample onto 1 mm thick 12% gels. Proteins in the Tricine-SDS-PAGE gel were detected by silver staining (Gao et al. 2015) . After electrophoresis, proteins were transferred to a polyvinyl difluoride membrane (Millipore) using a Mini Trans-Blot cell (Bio-Rad) and detected using specific polyclonal antibodies. Antibodies to PsaA, PsaB, PsbA, PsbD, CP43, CP47, Cyt F, Lhca1, Lhcb1 and AtpF (subunit of ATP synthase) were purchased from Agrisera. The monoclonal antibodies against PsbS and LhcSR were generated in our institution. The specific peptide sequences of PsbS and LhcSR were CKGKLVLPEDEFEARPKG and CTTPEEVKRYREAELTHGR, respectively. The membranes were blocked with 10% fat-free milk. After washing, the membranes were incubated in horseradish peroxidase-conjugated secondary antibody and visualized using an ECL detection kit. Bands excised from the polyacrylamide gel were further analyzed by Tricine-SDS-PAGE and Western blotting as described above.
Mass spectrometry analysis
The protein bands were excised from BN-PAGE lanes and in-gel trypsin digestion was performed according to a previously described method (Gao et al. 2015) . Peptides were separated off-line using high-pH reverse-phase HPLC. Each fraction was run on an Eksigent NanoLC Ultra HPLC system (AB SCIEX), desalted on a 100 mm Â 20 mm trap column and eluted on an analytical 75 mm Â 150 mm column. Peptides were separated by a gradient formed by 0.1% formic acid (FA) (mobile phase A) and 100% acetonitrile (ACN) containing 0.1% FA (mobile phase B), from 5% to 30% of mobile phase B in 75 min at a flow rate of 300 nl min -1 .
The MS analysis was performed on a Triple TOF 5600+ system (AB SCIEX) in information-dependent mode. MS spectra were acquired across the mass range of 350-1,500 m/z in high-resolution mode (>30,000) using 250 ms accumulation time per spectrum. A maximum of 40 precursors per cycle were chosen for fragmentation from each MS spectrum with 100 ms minimum accumulation time for each precursor and dynamic exclusion for 20 s. Tandem mass spectra were recorded in high-sensitivity mode (resolution >15,000) with rolling collision energy selected. Peptide identification was conducted using the Protein Pilot 4.5 software (AB SCIEX) using the Paragon database search algorithm and the integrated false discovery rate (FDR) analysis function. The software used only unique peptide sequences as evidence for protein identification. The data were searched against NCBI nr Ulvophyceae (ver. 20160921) containing 10,102 proteins entries.
Pigment composition analysis
For pigment analysis, the protein bands were excised from BN-PAGE lanes and were ground with an electric grinder (Tiangen). Pigments were extracted with 200 ml of methanol:acetone (1:1, v/v) per protein band for about 60 min. The extracts were centrifuged for 5 min at 10,000 r.c.f. and the supernatants were filtered through a 0.22 mm syringe filter into HPLC vials for HPLC analysis. Pigment separation and quantification were performed using a Shimadzu HPLC equipped with an Rx-C18 analytical column (4.6 Â 250 mm) and Quatpump (Shimadzu). The separation was performed as described previously (Xie et al. 2013) . In this study, pigment standards were obtained from Sigma-Aldrich.
Time-resolved fluorescence analysis
Time-resolved fluorescence spectra (TRFSs) were measured by a time-correlated single-photon counting method, using an FLS980 spectrometer (Edinburgh Instruments Ltd.) at 77 K. The excitation wavelength was 405 nm with a time duration of 51.8 ps. TRFSs were measured up to 50 ns (24.4 ps per channel Â 2,048 channels), and the spectral resolution of the TRFSs was <2 nm. All samples were measured using the surface reflection technique. The fluorescence was corrected in a direction perpendicular to that of the excitation light. To close the PSII state in the supercomplex, we incubated the protein band from the BN-PAGE lane in 10 mM DCMU (diuron) for 2 min before the measurement. In addition, in order to separate PSII from PSI in the supercomplex, the protein band from the BN-PAGE lane was soaked in 5% a-DM before the TRFS was measured.
Statistical analysis
The data in this study were expressed as mean values of five independent experiments (±SD). The data were analyzed by analysis of variance (ANOVA) using the SPSS 18.0 statistical software (IBM). Tukey's multiple comparison test was used at an a = 0.05 significance level to determine whether significant differences existed between different states (5 min, 30 min, 2 h or 48 h).
Supplementary Data
Supplementary data are available at PCP online.
